Graphene is grown by molecular beam epitaxy using epitaxial Ni films on MgO (111) as substrates. Raman spectroscopy and scanning tunneling microscopy reveal the graphene films to have few crystalline defects. While the layers are ultra-smooth over large areas, we find that Ni surface features lead to local nonuniformly thick graphene inclusions. The influence of the Ni surface structure on the position and morphology of these inclusions strongly suggests that multilayer graphene on Ni forms at the interface of the first complete layer and metal substrate in a growth-from-below mechanism. The interplay between Ni surface features and graphene growth behavior may facilitate the production of films with spatially resolved multilayer inclusions through engineered substrate surface morphology.
Introduction
The novel physical properties of graphene make it an attractive material for numerous potential applications [1] . Despite this significant scientific and technological potential, difficulties in synthesis continue to limit graphene's industrial adoption.
Recent advances in growing graphene by chemical vapor deposition on Cu substrates have begun to loosen the synthesis bottleneck [2] . The 'wafer-scale', predominantly monolayer thick graphene films yielded by this growth method have drawn significant attention from researchers and technologists. While the electronic properties of these films have yet to match those of exfoliated graphene flakes [3] , their quality has been sufficient to allow the demonstration of a number of laboratory devices [4, 5] .
However, fully leveraging the potential benefits of graphene will require films which are more than a single monolayer thick [1] . As multiple graphene layers are stacked their electronic properties evolve, with the number of layers and their stacking order determining the specifics [6] . This malleability enables band structure engineering such as opening a band-gap or inducing metallic behavior. Combining in-plane patterning with thickness engineering would allow a further degree of control over the band structure of graphene, facilitating some of the most ambitious graphene-based device architectures. For instance, semiconducting graphene is necessary for transistor channels [7, 8] , and metallic graphene might be suitable for device interconnects [9] , etc. Although the realization of such devices remains beyond our current capabilities, they do serve to illustrate the advantages of a fully controllable synthesis method which allows for the selective growth of mono-, bi-, and multilayer graphene films.
Reexamining the growth behavior of graphene on Ni substrates as opposed to Cu may allow some of these limitations to be addressed. Ni has previously been demonstrated to support the growth of multilayer graphene films with crystalline quality comparable to growth on Cu [10, 11] , and this property has been correlated with the finite solubility of C in the bulk of the metal [12] . However, graphene films grown on Ni tend to be non-uniformly thick, leading to a degradation of the film's overall properties [10] . Transforming the ability of Ni to support the growth of thicker-than-monolayer graphene films from a liability into an asset will require continued progress in understanding the basic science, as well as engineering solutions to the practical obstacles involved.
We report on the growth of graphene on epitaxial Ni films deposited on MgO(111) substrates using molecular beam epitaxy (MBE). MBE has been successfully used in graphene growth on a variety of substrates [13, 14] , and this combination of Ni substrate and synthesis method enables a high level of control over the growth process, including over the average thickness of the resulting high-quality graphene films. Graphene growth on Ni is also sensitive to surface contaminants, in particular O [15] , which the cleanliness of UHV synthesis helps to mitigate. Both the smoothness of the exclusively (111) oriented Ni surface and the submonolayer precision in C deposition we report are improvements over previous, similar growth efforts [16] . Furthermore, the overall film quality resulting from MBE allows the examination of graphene growth behaviors which might otherwise have been obscured. For instance, we find that step clusters and other Ni surface features significantly influence graphene growth. These observations suggest that any subsequent graphene after the first complete monolayer forms at the interface of the existing film and the Ni substrate. Graphene growth by MBE thus offers not only high-quality films, but also insight into the fundamental processes which underpin the synthesis of this remarkable material.
Experimental methods
All samples were grown in an MBE reactor with a base pressure of 2.5 × 10 −10 torr. The substrates used were commercially purchased MgO(111) (CrysTec GmbH, single-side polished, 1 × 1 cm, 1 μm Ti back coating). The 150 nm thick Ni films were prepared following the recipe of Iwasaki et al with MBE substituted for dc sputtering [17] . First a 50 nm thick 'buffer layer' of Ni is deposited at 300°C, then the substrate temperature is raised to 600°C and the remaining 100 nm of Ni is deposited. The Ni was evaporated from a standard high-temperature effusion cell, and the epitaxial relationship between the two materials was confirmed by both reflection high energy electron diffraction and x-ray diffraction. The films were smoothed by heating them to 850°C for 20 min, resulting in a Ni surface which is extremely flat over tens of microns ( figure 1(a) ). Carbon was then deposited on the Ni-MgO(111) from a resistively heated, pyrolytic graphite filament (MBE Komponenten GmbH, SUKO-type cell). All graphene growths were performed at a substrate temperature of 765°C, with deposition times varying from 40 to 200 min. Samples were cooled at a rate of 25°C min −1 to 350°C, and then ∼10°C min −1 until the ambient was reached. Scanning electron microscopy (SEM) and Raman spectroscopy indicate that this range of deposition times yields 0.7-3.5 monolayers of graphene. Ni films prepared following this procedure but excluding deliberate C deposition showed no evidence of graphene formation. The resulting graphene films were also examined using atomic force microscopy (AFM) and scanning tunneling microscopy (STM).
Results and discussion
We first examined the graphene-Ni using AFM to determine whether the surface quality of the epitaxial Ni films was preserved throughout the C deposition process. Even as the Ni morphology continues to evolve during C deposition, its overall smoothness remains exceptional ( figure 1(b) ). As noted by Iwasaki et al holding a Ni film at high-temperature for an extended period led to the formation of 'pits' in the metal, but this could be avoided by monitoring the thermal budget of the sample [17] . Also visible in figure 1(b) is the characteristic cellular structure formed by wrinkles in the graphene film. These localized areas of graphene-substrate delamination form to alleviate mechanical stress which develops from the greater substrate contraction during sample cooling.
When evaluating the graphene itself it is helpful to first consider the interplay between the various C-Ni bulk and surface phases present during growth. Among these phases are the gas of C adatoms on the Ni surface, the solid solution of C in bulk Ni, the Ni 2 C surface carbide, and the graphene itself. The Ni 2 C surface phase is unstable at the growth temperature used here and is unlikely to contribute to these results [18] . It is also important to distinguish between monoand multilayer graphene on Ni(111) due to the free-energy reduction caused by hybridization and charge transfer between the Ni d-bands and the π-bands of the graphene in direct contact with it. Evidence of this bonding can be seen in the changes to the monolayer graphene band structure [19, 20] and phonon dispersion [21] which effectively quench its Raman signal, and in its higher thermal stability with respect to dissolution into the Ni metal. For example, only monolayer graphene is stable on the (111) surface of bulk Ni (with a 'very low C concentration') at 605°C, but it too dissolves into the metal when the temperature is raised to 655°C [22, 23] . When there is a preexisting concentration of C in the Ni substrate the driving force for dissolution can be negated; if equilibrium is reached no net dissolution occurs, and the graphene is stable at significantly higher temperatures [24] . Thus, the 765°C growth temperature used here likely led the C concentration within the Ni film to increase prior to the nucleation and growth of mono-or multilayer graphene.
The 'quality', or crystalline perfection, of the graphene was initially evaluated by Raman spectroscopy. Spectra were collected from individual features in the graphene films using a 1 μm laser spot size, allowing the observation of local film properties. The quenching of the Raman signal by the monolayer graphene-Ni bonding is not an obstacle to this analysis because it does not persist beyond the first graphene layer. For instance, a Raman examination of a graphene film deposited for 80 min did not indicate a continuous graphene film across the entire Ni surface, while SEM imaging showed there to be no exposed Ni between bilayer portions of the film (which were easily observed by Raman, see figure 2 ). The Raman spectra presented here are thus from bilayer or thicker regions of graphene, where the layer(s) not in direct contact with the Ni surface remain detectable.
A representative Raman spectrum from the same 80 min graphene film is shown in figure 2 . This particular spectrum is that of monolayer graphene, suggesting this region of the film is in fact bilayer graphene (with the 'bottom', Ni-bound graphene isolating the 'top' layer, but not contributing directly). , respectively), further indicating a high degree of crystalline order. Overall, Raman spectra from graphene films grown on Ni-MgO(111) substrates by MBE indicate they contain very few crystalline defects.
The quality of the graphene films was confirmed through direct observation using STM. The 200 min deposition time of this film resulted in ∼3.5 monolayers of graphene, one of the thickest films grown here. Figure 3(a) shows that the hexagonal, sp 2 C lattice is atomically perfect over the area examined, with no point-(vacancies, Stone-Wales) or line-defects (rotational boundaries) present. The individual hexagons of C atoms are easily visible in the higher resolution STM image in figure 3(b) . Also discernable is the moiré pattern formed by the superposition of the two graphene lattices. The orientation and periodicity (17 Å) of the moiré are consistent with the two graphene layers being rotated by 8.3°relative to one another [25] .
We next consider the process by which thickness inhomogeneities develop in graphene films during growth on Ni. Such thickness inclusions are typical of most graphene films synthesized on Ni [10, 11, 26, 27] . Here, we examine this phenomenon using Raman spectroscopy and SEM. The thicker regions of the graphene film do not develop prior to the formation of a continuous monolayer of graphene across the entire Ni surface. Evidence of this is offered by the absence of multilayer regions of graphene in samples with ∼1 monolayer or less of graphene (figure 4). This is also consistent with monolayer graphene bound to Ni(111) being the thermodynamically preferred phase, with the less favorable multilayer state not being occupied until the first monolayer is complete. Figure 5 illustrates the variability that develops in thicker graphene films (200 min deposition time). The spectra indicate the majority of this film is three-and four-layer graphene, since they are characteristic of AB-stacked bi-and trilayer graphene ( figure 5 green, blue) . A minority of spectra from this film have a symmetric 2D peak ( figure 5, brown) , confirming that rotational disorder sometimes occurs between graphene layers (as observed by STM) [28] . It ) [28] , the spectra were scaled to the height of the G peak, and offset for visibility.
has been shown that such rotational disorder is more common in graphene grown on Ni above ∼650°C [29] . Possible methods to minimize this effect through the sample cooling rate etc were not systematically examined here.
Mapping the spatial distribution of the thickness inhomogeneities using SEM offers further insight into their origin. By simultaneously imaging the graphene films with two different detectors, it is possible to correlate the thickness variations with the morphology of the underlying Ni surface. Immediately noticeable in the large field-of-view SEM image in figure 6 (a) is that, rather than forming compact or dendritic islands, the thicker regions of the graphene film instead form extended ribbons. When SEM micrographs collected simultaneously with the in-lens detector ( figure 6(b) )-which is more sensitive to the atomic numberand the Everhart-Thornley detector (figure 6(c))-which shows the surface topology-are compared it becomes apparent the ribbons of thicker graphene coincide with step-clusters on the surface of the Ni substrate. The elongated ribbons formed by the thicker regions of the graphene film reflect the extended nature of the step clusters, and this is consistent with the distribution of thicker regions in figure 6(a) .
SEM also reveals the precise morphology of the thicker regions within the graphene film. Of particular interest are the jagged perimeters of many of these regions, which are composed of straight sections joined at 60°or 120°angles (figure 7, also visible in figure 6(b) ). This type of boundary shape is unlikely to be the result of edge-energy-minimization, as computational [30] and experimental [22] studies concur that strongly faceted island shapes are not preferred on Ni. The jagged, or 'saw tooth' graphene edges may instead result from the particular morphology of the Ni surface on which they grew. For instance, graphene sheets terminated at steps in the Ni (111) surface which are parallel to its in-plane, close-packed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions would produce such shapes. The interpretation that the saw-tooth perimeters of the thicker graphene regions result from the structure of the Ni surface is supported by a meticulous AFM examination. Specifically, comparing AFM height and phase information shows how individual Ni surface steps may influence graphene growth. Figure 8 displays a pair of such images from a film with a 200 min deposition time. The entire sample surface is covered by the inhomogeneously thick graphene film. The height scan ( figure 8(a) ) contains the expected features: graphene wrinkles, steps within the graphene film marking the edges of monolayers (and thus transitions to thicker or thinner portions of the continuous graphene film, green arrow in figures 8(a) and (c)), and Ni substrate steps. Two distinct regions are identifiable in the phase information ( figure 8(b) ), differentiated by the presence of a periodic superstructure. Its periodicity and hexagonal symmetry suggest the superstructure is a moiré formed by graphene layers of different crystallographic orientation (similar to figure 3) . This means the perimeter of the superstructured region is unambiguously the edge of an incomplete graphene layer.
It is significant that the transition from the superstructure to 'smooth' graphene coincides with easily observable, 0.5 ± 0.05 nm steps in the height image (see blue arrow in figures 8(a) and (c)). This step height is consistent with a combination of one Ni atomic step (0.2 nm) and one graphene step (0.33 nm, between layers in a multilayer film such as this one). That the graphene monolayer terminates directly at a Ni step shows that a graphene growth front may be impeded by step edges in the Ni surface. This implies the jagged perimeters of the thicker portions of the graphene film are caused by the step distribution and structure of the underlying Ni. More generally, it further illustrates how the Ni surface morphology can directly influence graphene growth; in addition to thicker graphene inclusions being situated on Ni step clusters, it is also possible for individual Ni steps to alter the propagation of a graphene monolayer.
The interactions between the thicker regions of the graphene film and the Ni surface allow details regarding the kinetics of the growth process to be inferred. The localization of thicker graphene inclusions at Ni step clusters, as well as the role sometimes played by individual Ni steps in determining their lateral expansion, indicates the graphene layer in question is in direct contact with the Ni surface. Because a continuous monolayer film of graphene forms prior to any multilayer regions, the additional graphene layers must grow at the interface between that first graphene monolayer and the Ni substrate (see figure 9 for a schematic illustrating this process). The further graphene layers do not grow on top of the previously deposited C film. Graphene on Ni-MgO(111) substrates is thus likely an additional instance of 'growth from below'.
A possible cause of the additional growth at the graphene-Ni interface is thermally driven C precipitation from the Ni substrate during sample cooling. Indeed, when precipitation from the C-Ni solid solution is the only source of C during graphene growth on Ni, exactly this scenario occurs [31] . While growth from thermally driven precipitation likely also occurs here, it is insufficient to fully explain the behavior observed. First and foremost, the amount of thicker graphene-both in total area and thickness-scales with the deposition time. Similarly, a 150 nm thick Ni film fully saturated at 765°C would not contain sufficient C to account for the observed thicker regions of graphene at longer deposition times [32] . Thus the thicker ribbons of graphene must develop during C deposition. The growth from below mechanism has most recently been examined during graphene growth on metal substrates with both finite and negligible C solubilities. A combined lowenergy electron microscopy and diffraction (LEED) study of graphene growth on Ir(111) reveals that the nucleation and growth of the second graphene layer occurs at the interface between the first complete layer and the metal substrate [33] . A similar, if forensic, analysis of graphene grown on the (001) oriented grains of Cu foils reached a similar conclusion. By comparing the relative LEED intensities from the upper and lower graphene layers of a partially bilayer film it was shown that the smaller, lower graphene sections are between the larger graphene crystals and metal substrate [34] . The apparent ubiquity of growth from below on metals, Ni included, is perhaps less surprising when the variety of species with which graphene has been successfully intercalated is considered [20, 35, 36] .
Although several important differences complicate direct comparisons, it is useful to further examine these results in the context of previous studies of graphene growth on Ni. Unlike many examples in the literature, where bulk Ni or thicker films were used as substrates, the Ni films used here are thin enough to ensure graphene formation prior to sample cooling even at temperatures above its stability on the pure metal. The nucleation and growth behavior observed is thus that of graphene in approximate equilibrium with the opposing dissolution process. This could be particularly significant, for instance, during graphene nucleation. The competition between graphene formation and C absorption into the substrate has been observed to enhance concentration gradients in the surface gas of C adatoms during growth on Ni [22] . Both the evolution of existing graphene islands and any subsequent nucleation events will be influenced by this uneven C concentration. The localization of multilayer graphene inclusions at step edge clusters observed here may be assisted by the absence of such concentration gradients.
It is interesting to consider if graphene growth on Ni saturated with C is a bulk or surface mediated process; or, whether surface or bulk diffusion dominates mass transfer to the graphene growth front. Potentially relevant experiments such as the isotope labeling work of the Ruoff group offer little insight because thermal precipitation from the well-mixed solid solution would mask any related details, leaving us to examine less directly related work [12] . In the regime defined by a growth temperatures below the thermal stability of monolayer graphene on pure Ni combined with an unsaturated Ni substrate, it has been shown to be a surface mediated process [22] . These experiments also show that the free C on the Ni surface leads to a change in electron Figure 9 . A schematic showing how graphene 'grows from below' on Ni(111). Rather than nucleating on the exposed surface of the first complete layer, subsequent graphene layers instead nucleate and grow directly on the Ni surface below the existing layer. It is possible the additional graphene layers nucleate heterogeneously at step edge clusters in the Ni surface. The expansion of graphene monolayers can also be interrupted by individual steps in the Ni surface (see second monolayer growing to the left in the schematic above). reflectivity, which is evidence of a high adatom gas concentration during graphene growth on Ir (111) and Ru(0001) [37, 38] . Also, it is the supersaturation of the surface gas by the external C flux which must be responsible for initiating graphene nucleation, as the surface gas will mediate any interaction between the solid solution and nascent graphene during nucleation. Combined with the higher rate of diffusion on surfaces, these considerations tend to support a surface dominated process. However, sufficient exchange between the solid solution and surface gas could lead bulk diffusion to dominate, leaving this an open question. Regardless of whether intercalative surface diffusion or bulk diffusion and precipitation dominates, it is fascinating that this state remains kinetically accessible to C adatoms even as the substrate is covered by a progressively thicker continuous graphene film. This ongoing accessibility is a fundamental difference between graphene growth on Ni and, for instance, Cu, where even continued deposition of elemental C does not lead to multilayer formation [39] .
In addition to offering evidence of the growth-from-below mechanism, graphene-substrate interactions during growth on Ni may provide an added tool with which to influence film structure. It is interesting that as they develop between the existing graphene film and the Ni substrate the thicker regions of graphene do so at step edge clusters in the Ni surface. That substrate step clusters have been shown to act as heterogeneous nucleation sites during graphene growth on other metal surfaces makes it a reasonable interpretation of the behavior observed here [39, 40] . This points to the intriguing possibility of using Ni substrates with engineered stepped surfaces to guide the nucleation and growth of multilayer inclusions in a graphene film. Alternatively, exclusively monolayer films may be facilitated by using highly stepped regions of the substrate (such as deliberate pits in the metal) to getter excess carbon. Although the 765°C growth temperature used here led to continued surface evolution during growth, a lower growth temperature would significantly increase the stability of an engineered Ni surface. Any growth temperature above the ∼600°C thermal stability of monolayer graphene on pure Ni would result in similar growth behavior. The intrinsic properties of the graphene-Ni growth system make it a possibility to produce the spatially engineered multilayer graphene films which are ideal for future applications.
Conclusion
We have demonstrated the utility of MBE for synthesizing graphene heterostructure by growing high-quality films using epitaxial Ni on MgO(111) as substrates. In addition to providing a template for low-defect growth, the exceptionally smooth MBE grown Ni surface has allowed the identification of a number of growth behaviors which might otherwise have been obscured. We find that the C films have the thickness inhomogeneities typical of graphene grown on Ni, but that the thicker regions are closely correlated with step edge clusters on the substrate surface. Furthermore, SEM and AFM show that the thicker graphene regions often have jagged perimeters, which result from the Ni surface morphology. Taken together these observations suggest the growth of multilayer graphene on Ni occurs at the interface of the existing graphene film and the metal, rather than on the exposed top surface of the graphene. Combined with an engineered Ni surface, this growth mode may allow the distribution of the thickness inhomogeneities to be influenced. Such a scheme would facilitate the production of graphene films with spatially resolved bi-, tri-, and multilayer inclusions, which are ideal for future applications.
